Introduction
Positronium (Ps) the bound state of an electron and a positron is formed in many molecular liquids and solids. The yield of Ps can be determined from the intensity of the long-lived orthoPs pick-off component of the positron lifetime (LT) spectra and/or from the intensity of the narrowest component in the angular correlation (AC) spectra. The changes in the Ps yields on addition of many solutes to liquids have attracted much attention during the last decades 11-41.
About ten years ago experimental facts indicated that the spur model of Ps formation could not explain the Ps yield results for solutions of electron scavengers trapping electrons in weakly bound, stable anion states and non-polar liquids in terms of only the electron acceptor properties of the scavengers. Typically, the studied scavengers had electron affinities of 0.5 -1.0 eV in vacuum. For example, some scavengers, such as C,F, [5] and naphthalene [5] , increased, while other scavengers, e.g., SF, 161, CS, [q, C$,, [8] , and CH,Br [9] decreased, the Ps yield when added to hexane at low concentration. It was then realized that the positron acceptor properties of the added molecules played an important role in the Ps formation processes, too [9] . The measured Ps yield could only be explained, if it was assumed that addition of a solute reduced the Ps yield o d y if both the electron and the positron were trapped on a solute forming weakly bound anions on electron addition. The mobility and diffusion constant of the trapped particles are much smaller than those of the free particles, which implies that the positron can annihilate before Ps is formed in many cases where Ps formation would have occurred in the pure solvents. If only one of the is trapped on the solute the other particle can pick off the trapped particle to form Ps in time before the positron annihilates. For example, the positron is not trapped on C6F6 and naphthalene in hexane. Hence, as the positron is fast moving in hexane it can pick of the electron trapped on C6F6 and naphthalene before the slowly moving positive ion can do it, and the Ps yield is, therefore, increased if these molecules are added to hexane. This is the well-known anti-inhibition effect in the Ps formation. The measured Ps yields could be well explained by the improved spur model [9] .
Of course, it is important to show directly that the positron is actually trapped on the electron acceptor molecules giving Ps inhibition and not on those resulting in Ps anti-inhibition, apart from the effects on the Ps formation. However, it is very difficult to measure directly the trapping of the positron on molecules, in general. The lifetimes of the positron is almost identical for most positron states in liquids and solutions. The angular correlation and Doppler broadened (DB) annihilation lines are "fingerprints" of the positron-electron states on annihilation. Hence, these states can be identified in a solution if the positron states found in the solution differ enough to permit a clear separation of the AC-or DB-components. In particular, positron annihilation with electrons bound in fluorine atoms in molecules results in an unusually broad AC-or DB-component [4, 10] . Consequently, the relative percentage of positrons forming bound states with perfluorinated molecules can fairly easily be determined by use of AC-and DBmeasurements.
The AC-results for C,F,, mixtures withhexane and isooctane showed clearly that the broad components of the ACspectra were strongly broadened on the addition of a small concentration of C,FI4 [ll] , while a similar addition of C6F6 to hexane did not cause a broadening of the broad AC-component [lo] . Hence, the positron reacts with C6FI4 in hexane and isooctane to form a bound state, where the positron annihilates preferentially with the electrons in the fluorine atoms, while it does not react with C6F6 in hexane. This was expected from the Ps yield results. Of course, it is useful to find other molecules than C6FI4 which react with the positron.
Hence, we decided to investigate solutions of SF, in hexane to look for the expected broadening of the broad DBcomponent, for the following reasons. SF, is a standard electron scavenger in radiation chemistry [12] , and it forms a stable anion by a reaction with the excess electron in hydrocarbons. It is also structurally different from perfluorinated hydrocarbons. Furthermore, it inhibits Ps formation in many hydrocarbons [5, 6] at low concentration. However, it can only inhibit the Ps yield to a certain minimum (e.g., to about 16 % in hexane), which is typical for scavengers forming stable anions. Another reason was that only a DB-apparatus was available to us. Although the AC-and DB-spectra are determined by identical properties of the annihilating positron-electron system, AC-measurements have a much better resolution than DBmeasurements. However, SF, solutions at high enough concentration in hydrocarbons have a too large pressure of SF, above the solution to permit well-defined AC measurements. Hence, it is necessary to used DB-measurements to study the positron SF, reaction in these solutions.
We performed also the DB-measurements because a new computer program, GAUSSFIT, was available to us [13] . It has been developed partly to analyze DB-spectra in terms of previously obtained AC-results. We wished to test the program in the analyses of the DB-spectra for SF, hexane solutions. This type of detailed analyses of DB-data has not been performed earlier.
Lifetime spectra were also obtained for all the solutions. They will mainly be discussed in a separate paper.
The experimental conditions are discussed in sect. 2. In sect. 3 the computer analyses and the obtained results are described in some detail. A discussion of the results is given in sect. 4, followed by a conclusion in sect. 5.
Experimental
The Doppler broadening (DB) of the annihilation line was measured by use of a high-purity germanium detector. The full width at half maximum (fwhm) of the detector resolution was about 1.33 keV (see sect. 3). It was determined as the resolution of the 85Sr 513.998 keV line. The energy width per channel obtained from the positions of the 85Sr and the 13' Cs 661.63 keV lines was about 85 eV. The positron source was roughly 1.85x105 Bq (5 pCi) 22NaC1 between two 1.1 mg/cm2 Kapton foils. As a spectrum stabilizer was not included in the set-up, and since the temperature of the room was not well stabilized, we determined the resolution just before and just after the measurements of each DB-spectra. The use of the resolution spectra is discussed in sect. 3.
The LT-spectra for all the SF, hexane solution were measured by use of a standard fast-fast LTapparatus, with a resolution fwhm of about 250 ps. We used the same source as in the DB measurements. The details of the high-quality LT-measurements and data analyses were discussed in detail in [14] .
The AC-spectra were measured by use of a standard linear-slit AC-apparatus with a resolution of about fwhm = 1.15 mrad, of which 0.96 mrad was determined by the slit widths [10, 15] .
All the samples used for the DB-, LT-, and AC-measurements were degassed by means of the well-known freeze-thaw technique. After degassing the SF, solutions were prepared on a vacuum line by use of the standard pv-technique.
Analyses and Results
The analyses of the DB-spectra were fairly complicated and, apparently, the first of their kind. Consequently, a detailed discussion is appropriate.
The DBspectra were analyzed by use of the fortran program, GAUSSFIT. GAUSSFIT fits a spectrum, given by a table of measured numbers, y, by a sum of gaussians plus a constant. All the x coordinates, xi, are assumed to be separated by the same constant value. Hence the input spectrum is roughly similar to that of the well-known POSITRONFIT and RESOLUTION [16, 17] . A normalized gaussian is given by:
The fitting sum is
The fitting parameters are Ii, oi, and Gi for each gaussian, and the constant c. All parameters can be fixed to a given value in the fitting, and linear combinations of the intensities, I, can be fixed to be a constant. Hence, GAUSSFIT is fairly similar to the programs PAACFIT and ACARFIT of the PATFIT package, except that the positions of the gaussians are fitting parameters, too.
At first, GAUSSFIT was tested on many artificially calculated spectra. Later it was used to fit about 150 X-ray fluorescence (XRF) spectra. Actually, P. Kirkegaard used 2 -3 weeks to make the first version of the program, and about ten errors were detected during the tests lasting about five months. In the last part of the XRF analyses and in the series of analyses discussed here thousands of fits were performed and no errors detected.
Before the GAUSSFIT analysis the measured DB-spectra were treated by the fortran program, DOPPLER, in the following way. First, the best possible "symmetry" x-coordinate, AVX, of the somewhat asymmetric main peak (511 numbers) was determined. AVX was used in the source component and background subtractions and the calculation of the peak parameters. Next, a spectrum due to annihilation in the Kapton-covered source was subtracted. This source spectrum was assumed to be fairly well described by the spectrum for a thick Kapton sample having an area of 10 % of the area of the measured spectrum. The "symmetry" axis of the Kapton spectrum was known, and linear interpolation between the points of the source spectrum was used in the subtraction. The background was then subtracted as follows. The roughly constant backgrounds just above (10 keV < E < 19 keV), B, , and just below (-19 keV < E < -10 keV), &, the main peak were determined. At a given point, j, of the main peak, the area of the main peak above that point, A,, was determined. A background, B, = B, -(B, -B,)A,/&, was subtracted. A, is the total area of the main peak. Both 4 and A, were calculated by use of simple summation of the measured counts. Four spectrum parameters were then calculated. For example, the H-parameter defined as the ratio of the areas between, e.g. k0.1277 keV and k3.8325 keV, and the Wparameter given by the ratio of the areas at the wings of the main spectrum and the area k3.8325 keV, were determined. All the used areas were calculated by means of linear interpolation between measured numbers and limits given as distances from the symmetry axis. At last, the main peak normalized to a standard area was output in a format ready for GAUSSFIT analysis. This is the main treatment of DB-spectra used for many years at Ris~, Denmark.
The GAUSSFIT analysis of a pure hexane spectrum was performed as follows. We calculated the DB-spectrum expected from the three gaussian fit of the AC-spectrum for pure hexane, given in table 1. This fitting curve fitted the AC-spectrum well. To deconvolute the AC-curve for the resolution of fwhm = 1.15 mrad (0.2938 keV) and to convolute the resulting AC-curve with the resolution of the DB-apparatus we used the following expression [18] :
where 0 : = (0; + 0;).
Hence, a good approximation of the "true" AC-curve or DB-curve for hexane is a sum of three gaussians with the same intensities as the measured AC-curve and fwhm's given by fwhm,,, = (fwhm; -f~hm,2)"~, where fwhm, = 1.15 mrad is the AC-resolution fwhm. By the "true" curve we mean the curve that one would measure, if the resolution were infinitely high.
We know that oi = 0.42466xfwhm,. Additionally, the AC-angle, 0, is given by the measured DBenergy, E, by: where 2/(mc2) = 3.91390 mrad/keV, mc2 is the rest energy of the positron and electron, and E, is the binding energy of the electron-positron pair in the sample. In the case of an anisotropic sample the DB-detector must be placed along the z-axis of the AC apparatus, e.g., above the sample if the slits of the AC-setup are horizontal, for (4) to be correct. As E, is only a few eV, we can disregard E, here. Hence, the true DB-curve is well approximated by a sum of three gaussians:
for which we know the parameters of the three gaussians. The spectrum and the associated Table 1 . Typical examples of the fitting of some spectra. I, fwhm, and pos. are the relative intensity, full width at half maximum, and position of the gaussians in a fit of a sum of gaussians to the spectra, respectively. resolution spectra were analyzed in terms of three gaussians plus a constant as given by (2) . We then know the DB resolution curve given by :
Hence, by use of (3) we can calculate the expected, measured DB-curve given by a sum of nine gaussians by folding (5) and (6):
where G, is given by (1) with 0,) = (0: + 0,2)1'2. Such DB-curve is given by the nine gaussians marked DB hex. calc. in table 1. It is obtained by folding the curves marked AC hex.dec. and the resolution curve, DB Sr-85, in table 1.
A curve of this shape was then fitted to the measured DB-spectrum for hexane, which had been treated by a DOPPLER analysis. The fwhm,, i = 1, ... ,9, were fixed to the values given in table 1 (e.g., fwhrn, = 1.432 keV). Eight linear combinations of the intensities, \, A,x14 -A4xI, = 0, i = 1, ... 3, 5, ... ,9, were used to fix the ratios of the intensities equal to those of the intensities, A,, given in table 1 (e.g., 16 .557~1, -80.379~1, = 0). Additionally, all the positions of the gaussians in the fitting curve were fixed to the values: 6 , = C -O . O , i = n + l ; C -1 . 4 5 3 , i = n + 2 ; a n d C -3 . 9 6 8 , i = n + 3 , f o r n = 0 , 3 , a n d 6 . C is the 'best center" of the fitting curve. C had to be found by iteration starting from the center of the highest-intensity gaussian in the three-gaussian fitting curve for the measured hexane spectrum after DOPPLER treatment (e.g., 6, = 6, = 6, = 509.551 keV for C = 511.004 keV). About four iteration steps were normally enough to get a good C-value, as judged from an acceptable variance of the fit and residual plot. GAUSSFIT does not support the use of relations between positions of the fitting gaussians, i.e., the positions can only be used as fitting parameters if they are independent. Hence, this was the only practical method to use fixed positions in agreement with the shifts in positions measured for the DB resolution curve in the fit.
All the measured spectra were fitted between k3.83 keV, because the AC-spectrum for hexane was measured and fitted for angles between roughly +15 mrad (3.83 keV).
The result of the fit of the pure hexane spectrum was that the variance of the fit and the residual plot were acceptable. Furthermore, one extra, free gaussian in the fitting resulted in a negative intensity of about I%, a fwhm about 3.5 keV, and, of course, a slightly better variance of the fit and residual plot. A similar fit of the measured benzene DB-spectrum in terms of the three gaussian fitting curve of the AC-spectrum for benzene gave approximately the same result. The slightly better fit if one extra gaussian was added is probably due to a difference in the subtraction of the background between the AC-and DB-cases. Hence, the main results were that the measured DB-and AC-spectra for hexane and benzene agreed well within the uncertainty of the measurements and analyses.
The DB-spectra for the SF, hexane solutions were also fitted by the expected, pure-hexane DBcurve. However, SF, inhibits the ortho-Ps yield, I,, in hexane from 42.5% in pure hexane to 12.6% at 0.8 M, as derived from three term fits of the LT-spectra [5] (see below). Hence, we calculated the expected para-Ps yield, I,, as I, = (3x16.66/42.5)(13/3), where I, was taken from the solid line through the points of fig. 2 in [5] . The first parenthesis accounts for the fact that I, is always expected to be larger than 13/3 for such hexane solutions, see table 1. The shape of the narrow peak in the fitting curves was then fixed to be identical to the shape of the narrow peak in the expected DB-curve given by the first three gaussians (i=1-3) in the curve DB hex.ca1. in table 1. Fixed fwhm's and two linear combination of intensities equal to zero were used for that purpose. Its relative intensity curve was fixed to be equal to the calculated I, by use of another linear combination of intensities equal zero. The shape of the curve given by the other six gaussians in the expected DB-curve was fixed as in the fits discussed above. All the SF, hexane solution spectra were fitted in that way.
At 0.001 M and 0.002 M SF, the results were very similar to that obtained for the pure hexane DB-spectrum. Above 0.002 M the "variance of fit" in the fits in terms of only the expected hexane DB-spectrum increased strongly for increasing SF, concentrations. We then fitted the spectra by use of the pure-hexane curve plus one or more extra gaussians with free parameters. The results showed that only one extra gaussian was necessary to give acceptable fits. Furthermore, at SF, concentration above 0.02 M the fwhm of this extra gaussian was very close to 3.45 keV. Hence, in the final analysis of all SF, hexane solution curves the curves were fitted by the nine gaussians giving the shape of the pure hexane curve, corrected for Ps inhibition as discussed above, plus one gaussian of fwhm = 3.45 keV and position fixed to the derived value of C. The relative intensity of this gaussian is plotted as a function of the SF, concentration in fig. 1 . For example, 0.005,0.005, and 0.01 M SF, gave 1.20,1.72, and 5.53%, respectively. We could not determine the shapes of the three components of the total broad AC-component. Hence, we know only that the total broad component of each spectrum, described by the determined sum of the 3.45 keV gaussian and the broad component of the DB-resolution -broadened hexane curve, is the sum of the free positron, the trapped positron on SF,, and the pick-off components, in general.
In table 2 the H-parameter and the fwhm of the broad component of selected curves are shown. They were calculated by use of only the broad gaussians of the fitting curves, i.e., the narrow gaussians describing the para-Ps component were not included. Furthermore, they were calculated as if they were fitting curves of AC-spectra measured with a resolution fwhm = 1.15 mrad, to be able to compare them directly with the previously determined [ll] parameters.
We fitted also the 0.05 M SF, spectrum without subtraction of 10% of the Kapton spectrum to test the importance of the source correction. The final analysis fit mentioned above resulted in an increase of the variance of the fit by a factor of 2.26, a clear evidence of a too narrow fitting curve in the residual plot, and a change in the extra gaussian intensity from 12.38% to 15.90%. Hence, the source correction is, certainly, necessary.
We also measured high-quality LT-spectra for the same samples and source as used in the DB-.
measurement. Fits in terms of three exponentially decaying functions gave long-lifetime intensities very close to those reported in fig. 2 of 151. However, four and/or constrained-five term fits showed the existence of the so-called "fourth lifetime component, which is caused by secondary reaction of Ps with positron-spur reactants, in particula; the positive ions. In pure hexane at least 6% of the total intensity of the LT-spectra is the fourth component, which is a distribution of exponentially decaying terms. On addition of electron acceptors the excesselectron positive-ion recombination time is strongly increased from about 10 ps to several ns because of trapping of the electrons on the acceptors. This results in an increased probability of the Ps secondary reaction with the positive ions. For example, the fourth component intensity is about 4.7%, compared to a long-lived ortho-Ps yield of 11.2%, at 0.5 M SF, in hexane. The LTresults will be discussed in detail in another paper [19] .
Discussion
The agreement within the uncertainty of the measurements and analysis between the DB-curves for hexane, benzene, and 0.001 M and 0.002 M SF, in hexane, as calculated from the three gaussian fits of the AC-spectra for hexane, benzene, hexane, and hexane, respectively, and the measured curves after DOPPLER treatment is an important result. It shows that the AC-and DBmeasurements determine identical properties of the annihilation processes apart from the resolution broadenings of the set-ups. This is a well-known result of the theory of positron annihilation [4] . However, a detailed experimental test of this result with an accuracy approaching that reported in this work has not been reported previously, as far as we know.
As discussed in the introduction we expected to measure a broadening of the DB-spectra due to the reaction of the free positron with the SF, molecules resulting in a preferential annihilation with the electrons in fluorine. Clearly, fig. 1 shows the expected result. In [ll] the similar reactions of the positron with perfluorohexane (C,F14) in hexane and isooctane were discussed in details. In particular, it was argued that a reaction of Ps with C6FI4 did not occur since the ortho-Ps lifetime is not decreased with increasing C6F14 concentration, as has always been the case in previously investigated Ps reactions. A very detailed discussion in [ l l ] showed that only a positron reaction with C6F14 could explain the measured results. The same arguments apply This expression is only approximately correct. We have disregarded the influence of the other reactants in the positron spur on the reaction. Furthermore, we have neglected that the SF6 concentration is so high that the time dependence of k, and the initial encounter pair effect might play a significant role at the highest SF, concentrations [15] .
As seen in fig. 1 , the broad-gaussian intensity saturates at higher SF6 concentration. A very similar effect was obtained on adding C,F,, to hexane, and the H-parameters at 1 M C$,, and 1 M SF6 in hexane (table 2) are very close. Hence, in a good approximation we can assume that 35% of this intensity corresponds to 100% positron trapping on SF, (x = 1.0). Furthermore, from (9) we get:
which can be used to determine k, from the slope of a line through the points of a plot of x/(lx) versus c,. We obtained k, = 2.3x101° M-'s-l, which corresponds to the solid line in fig. 1 . Taking into account the approximations used the uncertainty is about ~k 0 . 5~1 0~~ M-Is-'.
The derived bvalue is somewhat lower than could be expected. We anticipate an about ten times higher rate if the reaction is diffusion controlled according to the Smoluchowski equation, and on taking into account that the positron diffusion constant in hexane is much higher than that of heavy reactants, because the anti-inhibition effect is found for hexane. The only other known rate constants for positron reactions in nonpolar liquids are those of the reaction with C6F14 in hexane and isooctane, for which 3~1 0 '~ M-ls-' was determined for both solvents [ll] .
However, the most important result is the fact that a positron reaction with SF, actually occurs. This confirms the prediction of the improved spur model of Ps formation [9] that a Ps inhibition takes place only if both the positron and the electron are trapped on those molecules which forms weakly bound, stable anions on electron reaction with the molecules. C6F14 and SF, inhibit Ps formation, while C6F6 gives anti-inhibition, in hexane. This is in agreement with the experimental fact that the positron reacts with C6F1, and SF,, but not with C6F6, in hexane. Hence, the new, experimental results on the positron reactions speak strongly in favor of the improved spur model.
In addition, the obtained results give information on a positron reaction and the formed positron SF, bound state. Compared with the situation for the other two light particles, the excess electron and Ps, very little is known on the positron reactions in liquids. The sparse results available today show that positron reactions ought to be studied in much more detail by use of DB-and AC-measurements in the future.
The H-parameter and fwhm of the broad components in table 2 show that the shape of the 1 M SF6/hexane broad component is very close to that of the 1.11 M C6F14/hexane and 1.01 M C6F1,/-isooctane solutions, and very different from those of pure SF,, hexane, C6F1, and C,F,. Because of the high vapor pressure above SF, even at -44 C the measured "SF, liquid -44 C AC-curve was somewhat asymmetric. In spite of this, the parameters of this curve given in table 1 were fairly well determined. As discussed in [ll], the Ps bubble state has a lower energy if the bubble surface consists of hexane molecules in C6Fl, hexane mixtures. Only at very high C6Fl, concentration a very broad Ps pick-off annihilation component of the AC spectrum characteristic of annihilation with electrons in fluorine is measured and hence, C6F14 is part of the bubble surface. It would be very interesting, indeed, to investigate the SF, hexane mixtures to see whether a similar strong broadening of the pick-off AC-and/or DB-components is measured only at very high SF, concentration in the SF, case, too. The SF,/hexane mixtures show a miscibility gap though [5] . Clearly, the parameters shown in table 2 indicate that only about 40% of the total change of the broad component from hexane to liquid SF, has occurred at 1 M SF,. This is almost identical to what was found for the C6F14 solutions.
The AC-curve for solid SF, (table 1) shows that no Ps is formed in solid SF,. This could probably be expected from Ps yield results for several other electron scavengers. For example, Ps is not formed in solid anthracene although a fairly normal Ps yield is found for liquid anthracene. The discussion in [20] concerns probably also solid SF,. It was also expected that the broad component would be broader in solid than in liquid SF,, as measured.
Finally, let us discuss the new analysis of the DB-spectra described in this work. The greatest problems in the interpretation of DB-spectra compared to that of the AC-spectra are: A) the poor resolution of the DB-setup (-1.3 keV) compared with that of the linear-slit AC-apparatus (-0.3 keV), B) the asymmetric resolution of the DB-setup compared with a mainly symmetric resolution of the AC-apparatus, and C) the fact that annihilation in the positron source is included in the normally measured (but not in slow-positron irradiated) DB-spectra, but not in the AC-spectra. In most papers the DB-spectra have been used in a semi-quantitative way. Only the H-and W-parameters are normally reported, and the energy windows used in the calculation of the parameters are not given. Furthermore, background subtraction is not used or reported, and the shape of the resolution curve is not reported either. Hence, a quantitative comparison of the DB-spectra with DB-spectra and/or AC-spectra measured by other groups is impossible. Some groups deconvolute the DB-spectra for the effects of the DB-resolution. However, deconvolution of DB-spectra is a notoriously difficult task, as is well-known. Incorrect interpretations may easily occur as a result of such deconvolution.
The treatment of the DB-spectra described in sect. 3 and the use of the AC spectra in the analyses constitute a new, very useful analysis method. To our knowledge a similarly detailed comparison of the AC-and DB-spectra has not been performed before. As the resolution of the AC-setup is much smaller than that of the DB-setup, the deconvolution of the AC-spectra for the effect of the resolution introduces only very small errors in the deconvoluted AC-curves compared to a deconvolution of the DB-curves. Furthermore, the convolution of the true DB-and AC-curve with the resolution of the DB-setup and the comparison of the expected DB-curve with the measured DB-curve result in fewer and smaller errors than a deconvolution of the DBspectra followed by a comparison of the resulting curve with other deconvoluted DB-or ACspectra. Clearly, the program GAUSSFIT is an important tool in our analyses. A comparison of the DB-and AC-data for annihilation in a phenyl ether by use of a program, PAACFIT (ACARFIT) [16, 17] , which can only fit the spectra in terms of symmetric sums of gaussians, gave fairly unsatisfactory results [21] .
In particular, the new analyses by use of the AC-spectra will probably allow a better than usual interpretation of the DB-spectra in slow-positron research, where LT-spectra in case of Ps formation cannot normally (see [22] though) be measured, and where important information can, therefore, easily be overlooked.
Conclusion
A new method to compare AC-spectra with DB-spectra has been used to show that the AC-and DB-measurements determine the same properties of the positron annihilation in hexane and benzene. The new method of analysis was based on the application of a new computer program, GAUSSFIT. The strong broadening of the DB-spectra at low SF, concentration indicates that the positron reacts with SF, and annihilates from the formed bound state. This result confirms a prediction based on the improved spur model of Ps formation, namely that the inhibition of Ps formation by a molecule forming weakly bound, stable anions on the reaction with electrons is only found if the positron is also trapped on the molecules.
